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Abstract
Background: Urbanized slope areas in Sierra Madre Oriental are prone to sediment related disasters mainly caused 
by heavy rainfall episodes during hurricane season, knowledge on the factors on soil-roots dynamics are required to 
mitigate or lessen those disasters.
Questions and hypothesis: The mechanical properties of roots of native species vary according species. The mechani-
cal properties of the roots are influenced by the morphology of root: diameter.
Species studied: Quercus rysophylla, Pinus pseudostrobus and Acacia berlandieri.
Study site and dates: Sierra Madre Oriental, Chipinque Ecological Park in Monterrey, Nuevo Leon. From middle of 
December 2014.
Methods: Selection of species was made base on widespread distribution and predominance in degraded areas. Samples 
were taken at field and tensile tests to calculate maximum force to root breakage were conducted using a laboratory 
dispositive, calculations of tensile strength and modulus of elasticity were calculated using formulas. The corresponding 
relations between root diameter and mechanical properties were established. 
Results: Results confirmed that bigger diameters require bigger forces to break. In other hand, results confirmed the 
negative relationship between diameter and tensile strength and diameter and modulus of elasticity. Pointing out that 
roots of bigger diameter have less tensile strength and elasticity. The order of importance of the species studied accord-
ing its mechanical properties was found like: Acacia berlandieri > Quercus rysophylla > Pinus pseudostrobus.
Conclusions: The results of this study begin the data contribution of the mechanical properties of native species of 
Sierra Madre Oriental in order to use it in the application of soil bioengineering practices on urbanized slopes prone to 
disasters.
Keywords: Root mechanical properties, native forest species, soil bioengineering, landslides, Sierra Madre Oriental.
Comparaciones de las Propiedades Mecánicas de las Raíces de tres Especies Nati-
vas Mexicanas para Practicas de Bioingeniería de Suelos
Resumen
Antecedentes: Las pendientes urbanizadas en Sierra Madre Oriental son propensas a los desastres relacionados con 
sedimentos causados generalmente por lluvias intensas durante la temporada de huracanes, conocimiento en los factores 
de la dinámica suelo-raíces son indispensables para mitigar y aminorar esos desastres. 
Preguntas e hipótesis: Las propiedades mecánicas de las raíces de especies nativas forestales varían de acuerdo a la 
especie. Las propiedades mecánicas de las raíces son influenciadas por la morfología de la raíz: diámetro. 
Especies estudiadas: Quercus rysophylla, Pinus pseudostrobus y Acacia berlandieri.
Área de estudio y fechas: Sierra Madre Oriental, Parque Ecológico Chipinque, Monterrey, Nuevo León.  Desde me-
diados de diciembre de 2014.
Métodos: La selección de especies fue hecha en base a la distribución extensa y predominancia de las especies en áreas 
degradadas. Las muestras fueron tomadas en campo y las pruebas de tensión para calcular la fuerza máxima requerida 
para el quiebre de la raíz fueron conducidos usando un dispositivo en el laboratorio. La fuerza de tensión y módulo de 
elasticidad fueron calculados usando formulas. Las relaciones correspondientes entre el diámetro de la raíz y las propie-
dades mecánicas fueron establecidas. 
Resultados: Los resultados obtenidos confirman que las raíces con diámetros mayores requieren de una fuerza mayor 
para romperse. Por otro lado, los resultados confirmaron la relación negativa entre el diámetro y la fuerza de tensión y el 
diámetro y el módulo de elasticidad. Esto señala que las raíces con diámetros mayores poseen menor fuerza de tensión y 
elasticidad. El orden de importancia de las especies estudiadas de acuerdo a sus propiedades mecánicas fue encontrado 
como: Acacia berlandieri > Quercus rysophylla > Pinus pseudostrobus.
Conclusiones: Los resultados de este estudio comienzan la contribución de datos de las propiedades mecánicas de las 
especies nativas de Sierra Madre Oriental para poder usarse en la aplicación de prácticas de Bioingeniería de suelos en 
laderas urbanas propensas a desastres.
Palabras clave: Propiedades mecánicas de la raíz, especies de bosque nativo, bioingeniería de suelo, deslizamientos de 
tierra, Sierra Madre Oriental.
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he role of roots of forest species in erosion control and slope stability is widely recognized and 
successfully used in soil bioengineering practices as an ecological alternative against sediment 
related disasters such as landslides (Stokes et al. 2014). Landslides are processes that result in 
movement of slope-forming materials such as rocks or soil with gravity and water as the pri-
mary triggers of landslides (Walker & Shiels 2013).
 Soil bioengineering is a unique approach of biotechnical stabilization in which plants them-
selves serve as the main structural and mechanical elements. In degraded areas, plants protect 
the slope providing stability so the surrounding vegetation can get a support and eventually 
colonize the entire slope (Gray & Sotir 1996).
 Mountainous regions like Sierra Madre Oriental in Mexico are prone to different types of 
sediment related disasters causing major economic and environmental problems. The risk of di-
sasters due to the increasing urbanization and heavy rainfall caused by seasonal tropical storms 
and hurricanes in this area demands urgent counteracts against recurrent calamities (Sanchez-
Castillo et al. 2015). 
 For the successful implementation of soil bioengineering practices to mitigate and lessen 
those disasters, knowledge on the factors involved on soil root reinforcement mechanisms are 
required.  Roots are strong in tension and soils in the other hand are strong in compression and 
weak in tension, a combined effect of soil and roots results in a reinforced soil. 
 When shearing the soil, the roots mobilize their tensile strength whereby shear stresses that 
develop in the soil matrix are transferred to the roots fibers via tensile resistance of the roots 
(De Baets et al. 2008). However, soil-root system response to shearing depends on the roots 
failure mode. Roots can respond to shearing force in three different ways: stretching, slipping 
and breaking (Tosi 2007), thus, besides root tensile strength, the modulus of elasticity is also of 
interest because in many cases root tensile strength is not mobilized and the amount of mobi-
lized tensile resistance will be a function of the modulus of elasticity or elongation-stretching 
capacity of roots (Hathaway & Penny 1975, Gray & Sotir 1996). Therefore, the assessing of 
both mechanical properties: tensile strength and modulus of elasticity is needed before the rein-
forcing effect of roots on soil can be accounted for in a reliable manner.
 In this study, we quantify the root mechanical properties of Quercus rysophylla, Pinus pseu-
dostrobus and Acacia berlandieri, three native species of Sierra Madre Oriental growing on 
disturbed slope areas for its further application in soil bioengineering practices for lessen the 
occurrence of sediment related disasters in urbanized slopes.
Materials and Methods
Study Area. The study was carried out in the slopes of Chipinque Ecological Park in Monterrey, 
Nuevo Leon, Mexico. Chipinque Ecological Park is located in Cumbres of Monterrey National 
Park in the northern portion of Sierra Madre Oriental. This park includes rugged terrain boasting 
steep mountains reaching elevations up to 2260 meters above sea level. This National Park was 
created in 1939 to protect the native flora and fauna against the spreading urbanization of Mon-
terrey city the climate in the park changes drastically depending on the elevation and the loca-
tion; Following Köppen classification the following climates are observed in the park. Elevation 
600-1,000 m; North tip of the park has a (BWh) desert climate with an average annual tempera-
ture of 23 °C and an annual precipitation of 217 mm. Elevation 1,000-2,000 m: North tip and 
the southwest corner of the park has a (BSk) Steppe Climate with an average annual temperature 
21°C. Elevation 2,000-3,000 m: Western side of the park has a (Cwb) Oceanic climate with an 
average annual temperature of 14 °C and an annual precipitation of 680 mm. The general veg-
etation consists of Mixed Pine-Oak forest with species like: Pinus cembroides, P. hartwegii, P. 
pinceana, P. pseudostrobus, P. rudis, P. teocote. And Oaks like: Quercus fusiformis, Q. greggii, 
Q. hipoxlanta, Q. laeta, Q. rysophylla. And sub-montane shrubs in lower parts with species like: 
Acacia berlandieri, A. rigidula, Leucophyllum frutescens and Cordia boissieri. 
Selection of species. Three native species of Sierra Madre Oriental slopes were selected for 
this study. From each of the three different elevations presented within the park, one species 
was selected based on their widespread distribution and predominance in degraded slope areas, 
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such as: eroded slopes, shallow landslide disturbed slopes, cut-road slopes etc. The selection of 
native species for soil bioengineering proposes is crucial since vegetation should be compat-
ible with soil and site conditions (temperature, light, soil type, water availability, nutrients, soil 
pH). The selected native plants are presently growing on degraded sites or in surrounding areas 
which makes them the best candidates to consider because they already adapted to the site con-
ditions and this may allow easy adaptation and growth for the application of soil bioengineer-
ing techniques in disturbed slope areas. Once it has been determined if the species are suitable 
in the area, the above and below-ground morphological characteristics such as: stem density, 
potential to trap sediment and organic debris, root density, root area, root system morphology 
were considered as a key physical selection criteria. Similar selection system was proposed by 
Reubens et al. (2011) and widely used in other studies (De Baets et al. 2009, Stokes et al. 2009, 
Giadrossich et al. 2013, Vergani et al. 2014, Ghestem et al. 2014, Stokes et al. 2014).
The species included in this study are:
Quercus rysophylla Weath.- an evergreen tree of rapid growth, which can reach 25 m of height. 
The leaves are alternate, simple, rigid and elliptic from 7 to 25 cm long and between 2 to 8 cm 
wide. When the leaves become mature they become smooth, shiny and of dark green color on 
the top. Acorns are ovoid, mucronate, and glabrous at maturity, its length is from 1 to 1.7 cm, 
single or in pairs, sessile. The cupola, golden colored silky when young, occupies one-third and 
mature after 2 years (Nixon 1998). This specie is endemic to Mexico and found mostly at mid 
altitudes in the Sierra Madre Oriental. 
Pinus pseudostrobus Lindl.- It’s an evergreen native tree species of Mexico from the temperate 
forest between 1,300 to 3,250 m from 26 to 15 °N. Usually 3 to 45 meters high, the trunk is 
straight and with a diameter of 40 to 80 cm, this species is free of branches at 50 % of its height. 
It is widely distributed and in many places common or abundant pine of montane to high mon-
tane habitat in cold temperate to warm temperate zones, it is an important constituent of mixed 
conifer pine and pine-oak forests. In disturbed forests it may survive as scattered groves or as 
individual trees (Farjon 2013).
Acacia berlandieri Benth.- is a spreading shrub native in northeast Mexico and southwestern 
United States that belongs to the subfamily Mimosoideae of Fabaceae. It grows from 1 to 5 
meters tall with blossoms that are spherical and white, the blooming season is from February 
through April. The white-to-cream-colored flowers (yellowing with age), grow in ball-like clus-
ters, 5/8 inch or more in diameter, and are quite fragrant. They have 50 to 100 or more stamens, 
but no petals. The pinnately compound leaves are delicate, almost fernlike, 13 to 20 cm long 
with 12 to 22 cm (sometimes up to 45 cm) pairs of leaflets, and these leaflets are again divided 
into 30 to 50 leaflets (Hatch et al. 1990). It is usually found on the hillsides and slopes of north-
east Mexico.
Sampling. Complying the government’s regulations on natural protected areas, samples were 
collected from individuals with root system exposed, to avoid serious disturbance in the study 
area. 5 to 7 individuals on degraded slope areas were selected, the variation in the number of 
individuals was according the situation encountered, for example: root exposure, location on 
slope, size and root decay situation. 3 to 5 root samples per individual with lengths ranging from 
30 to 70 cm were cut from the area within a 1 meter ratio from the trunk. Samples were carefully 
packed to keep them fresh during transportation to the Laboratory of Forest Conservation and 
Soil Nutrition of the Autonomous University of Nuevo Leon.
 In the laboratory damaged roots were discarded and samples were cut with sharp scissors and 
labeled for further analysis the size of the samples for testing was decided based on the testing 
machine capacity: maximum length of 10 cm and maximum diameter of 10 mm. After cutting, 
all samples were kept inside a desiccator to preserve the original moisture of roots and immedi-
ately subjected to tensile tests. 
Tensile tests. Tensile tests were conducted using the Universal Testing Machine SHIMADZU 
SLFL-100 KN manufactured in Japan. Root samples were carefully positioned and clamped to 
the experimental device in both extremities avoiding any damage. Diameters were measured at 
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Figure1.  Example of a valid 
root breakage during tension 
tests. 
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three different points with a digital caliper Mitutoyo the three diameters were used to calculate 
a mean diameter to assure a representative value corresponding to the breaking point of the 
samples, hence, diameters were not measured at the ends of the sample. The machine pulled 
each sample at a constant speed of 10 mm/min.
 Tests were considered invalid when the sample slipped from the clamps or broke in the 
clamping points because this kind of rupture could have been caused by root system damage 
and did not reflect mechanical properties under tension. Example of valid breakage is shown in 
Figure 1. 
Data and laboratory analysis. Maximum force to root breakage (Fmax) that represents the peak 
value in were roots break by tension was measured directly from the Universal Testing Machine. 
Tensile strength force (Ts) that is the capacity of root samples to withstand tension (being pulled 
apart) and the modulus of elasticity (Eroot) represents the resistance of samples to be deformed 
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  Fmax (N)   Ts (N/mm2)   Eroot (N/mm2)
Species Max Min Ave Max Min Ave Max Min Ave
Q. rysophylla 606.25 18.75 178.70 22.80 1.43 8.31 504.01 30.43 161.80
P. pseudostrobus 671.87 31.25 205.48 21.50 1.54 7.52 177.19 18.63 71.30
A. berlandieri 706.25 21.87 276.73 22.81 4.24 11.86 680.28 39.11 184.07
Table 1. Maximum, minimum and average values Maximum force to root breakage (Fmax), Tensile strength 
(Ts) and Modulus of elasticity (Eroot) of the species studied.
Figure 2. Variation of tensile strength (Ts) and diameter of the species analyzed. 
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elastically were obtained inputting the following formulas in the software TRAPEZIUM X.
Tensile strength values were obtained using the following formula:
Ts = Fmax /π (D/2)2                                                      (1)
where Fmax is the maximum force to root breakage (N) and D is the average root diameter (mm) 
(Mattia et al. 2005, Genet et al. 2005, Bischetti et al. 2005, De Baets et al. 2008). 
Elastic properties of each root sample were determined using the modulus of elasticity (Eroot) as:
Fmax / A0Eroot = –––––––                                                                (2)  CE/ L0
where Fmax  is the maximum force applied to the object under tension, A0 is the original cross 
sectional area, CE is the change of length of the sample and L0 is the original length (Ammann 
et al. 2009). 
Moisture content of samples was calculated with the following formula:
        original weight    E dry weight Moisture content = ––––––––––––––––––––––––––× 100                                (3)
dry weight
Samples weight was obtained using a Balance Pioneer and oven-dried at 115 °C for 48 hours. 
Statistical analysis was carried out with SPSS Statistics Version 22, following the assumptions 
of normal distribution and equality of variances using the one-way ANOVA. Regression curve 
estimation was performed to explore the function between diameter and the mechanical proper-
ties of roots. Data was graphically screened to determine to which model variables are related 
according coefficient of determination. Pearson correlation coefficient was computed to assess 
the relationship between diameter and mechanical properties of roots.
Results
The number of samples successfully tested included 54 of Quercus rysophylla, 37 of Pinus 
pseudostrobus and 27 of Acacia berlandieri. Tension tests were conducted successfully on 68 % 
of the total collected samples. The remaining 32% failed by root system damage instead of the 
applied tension. Details of the mechanical properties obtained can be observed in Table 1. 
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Figure 3. Variation of modulus of elasticity (Eroot) and diameter of species analyzed. 
Figure 4. Relationship between moisture content of roots (%), tensile strength (Ts) and modulus of elasticity (Eroot).
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 The relationship between root diameter and Ts is shown in Figure 2. The relationship is 
negative and could be fitted with a power law equation Quercus rysophylla (y = 12.81x1.306 
R2 = 0.0586), Pinus pseudostrobus (y = 17.079x-0.579 R2 = 0.1594) and Acacia berlandieri (y = 
23.745x-0.505 R2 = 0.3654). The ranking of species by average Ts is: Acacia berlandieri > Quercus 
rysophylla > Pinus pseudostrobus. Correlation results were significant as: diameter and Ts (R = 
-0.29 p < 0.05).
The relationship between diameter of roots and Eroot was also negative for all species tested 
(Figure 3). Power law equation fitted the results as: Quercus rysophylla (y = 440.06x-0.768 R2 = 
0.2749), Pinus pseudostrobus (y = 197.48x-0.7 R2 = 0.2201) and Acacia berlandieri (y = 529.6x-0.816 
R2 = 0.4456). The order of species by average Eroot as: Acacia berlandieri > Quercus rysophylla 
> Pinus pseudostrobus. Correlation results were significant as: diameter and Eroot (R = -0.47 
p < 0.05).  
The average moisture content percentage of root samples by species was: Quercus rysophylla 
21.5 %, Pinus pseudostrobus 32.8 % and Acacia berlandieri 55.1 %. There is not clear rela-
tionship between moisture content of roots (%), tensile strength (Ts) and modulus of elasticity 
Eroot). 
Discussion
Wide variations of tensile strength and modulus of elasticity of roots of forest species have been 
reported by previous authors (O’Loughling & Watson 1979, Greenway 1987, Watson et al. 
1999, Abernethy & Rutherfurd 2001, Genet et al. 2005, Mickovski et al. 2007, Tosi 2007, Fan 
& Su 2008, Ali 2010, Comino & Marengo 2010, Schwarz et al. 2010). It is important to recog-
nize that the mechanical properties are affected not only by species and diameter differences but 
other factors might be involved as well.  As reported by Gray & Sotir (1996) the tensile strength 
values of hardwood species vary approximately from 8 to 80 N/mm2 with diameters from 2 to 
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Type Spp Ts (N) Eroot (N)
Shrubs Acacia berlandieri* 11 184.07
 Spartium junceum 29.93 779.67
 Rosa canina 22.95 542.7
 Inula viscosa 18.72 512.05
 Cotoneaster dammeri 42.9
 Juniperus horizontalis 14.8
 Atriplex halimus 57.2
 Pistacia lentiscus 55
 Kunzea ericoides 32.45
 Melastoma malabathricum 29.72
Trees Quercus rysophylla* 8.31 161
 Pinus pseudostrobus* 7.52 71.3
 Alnus incana 32
 Pinus densiflora  32
 Picea abies 27
 Quercus robur  32
 Salix fragilis 18
 Salix hastata 13
 Salix cinerea 11
 Pinus radiata 18
 Melaleuca ericifolia 35
 Eucalyptus camaldulensis  22.8
 Pinus radiata 17.6
 Populus yunnamensis 38.4 121
 Populus deltoides 36.3 363
 Salix matsundana 36.4 108
(*)This study
Table 2. Comparison of Tensile strength (Ts) and Modulus of elasticity (Eroot) values with different studies and 
species. 
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15 mm, the species analyzed in this study ranged from 8.31 to 11.86 N/mm2 with diameters from 
1.21 to 9.41 mm and Eroot values ranged from 71.30 to 184.07 N/mm2.
Tensile strength (Ts) and Modulus of elasticity (Eroot) values obtained in this study were com-
pared with data from different studies and species, comparison is shown in Table 2. Acacia ber-
lendieri average tensile strength (11.86 N) is smaller but closer to Juniperus horizontalis (14.8 
N) and is distant from the average tensile strength of shrubs tested in previous studies. However, 
if we compare the maximum tensile strength of Acacia berlandieri (22.81 N) with the average 
values of other shrubs, the results are closer, e.g.  Inula viscosa (18.72 N), Rosa canina (22.95 
N), Melastoma malabathricum (29.72 N),  Spartium junceum (29.93 N). In the case of trees, 
tensile strength average values, Quercus rysophylla (8.31 N) and Pinus pseudostrobus (7.52 
N) are close to Salix cinerea (11 N) and Salix hastata (13 N), however, when maximum tensile 
strength of Quercus rysophylla (22.80 N) and Pinus pseudostrobus (21.50 N) is compared the 
closeness with other species tested is higher e.g. Salix fagilis (18 N), Pinus radiate (18 N), Picea 
abies (27 N). Modulus of elasticity (Eroot) data in trees is scarce to make a proper comparison 
and is limited to three tree species of poplar and willow tested without bark by Hathaway & 
Penny (1975), however average values are close to the ones presented in this study. However, 
in the case of Acacia berlandieri, Eroot maximum values fit better the values presented by shrubs 
in other studies. 
From these comparisons of the differences encountered on Ts and Eroot values in respect of val-
ues reported by previous studies, we can infer that the values obtained in this study could be 
influenced by the combination of species-specific differences, specimens and site specific condi-
tions. These influences can also be observed on Ts and Dm relationships, that although show a 
trend, a relatively poor fitting of models for Quercus rysophylla and Pinus Pseudostrobus can 
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Figure 5. Idealized root sys-
tem. 
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be observed, this is expected given the numerous factors different from diameter controlling Ts. 
Similar low fitting results were found on previous studies and were suggested as: Variations in 
root age (Genet et al. 2005), growth rate, nutrient status (Pollen & Simon 2005), climate and 
time of sampling (Operstein & Frydman 2000). Root moisture content was not an influential 
factor for Ts according the results obtained in this study similarly to the results presented by 
Pollen (2007) and Tosi (2007), however, Gray & Barker (2004) found differences of Ts between 
moisture and air dried roots. Therefore, as explained, differences between values and the rela-
tively poor fitting of models are probably the product of the combination or separate action of 
different factors like: species specific differences. growth environment, age of specimens, dif-
ferences of specimens-related conditions and site differences. It should be noted that samples 
tested in this study were taken from different specimens without discrimination of age, root sys-
tem position or any affectation of external stresses like wind or road cutting, etc., owing to the 
enormous challenge or impossibility of homogenize individuals on field conditions. However, 
these research limitations open the doors to further laboratory works under controlled condi-
tions on this matter.
The results obtained in this study corroborate the premise that several authors have reported: 
a clear decrease in root tensile strength with increasing diameter size (Operstein & Frydman 
2000, Tosi 2007, Fan & Su 2008, Hales et al. 2009, Schwarz et al. 2010). This negative relation-
ship is explained by Genet et al. (2005) as differences in root structure attributing it to the high 
cellulose content in thinner roots, they reached this conclusion based on their results showing 
that tensile strength increased with the decreasing root diameter and increasing cellulose content 
of the species studied. The modulus of elasticity (Eroot) of the species studied decreased with in-
creasing root diameter showing the same pattern as tensile strength (Ts) These two variables are 
significantly associated according Pearson’s correlation coefficient (R = 0.481 p < 0.05).
It is necessary to distinguish between root tensile strength of a root system itself and the tensile 
strength of a root segment. Tree species usually develop two kind of roots: long and short roots 
the long type of roots usually become part of the root system for anchorage and short type roots 
emerge as lateral branches that do not undergo secondary thickening and are thinner compared 
long roots (Hermann 1977), due to the testing machine diameter limitations the root segments 
tested belong to the part of root system a meter away from the trunk,  in a horizontal plane with 
diameters ranging from 1 to 10 mm corresponding to lateral roots segments. In an idealized root 
system, if tensile force at base root is applied, failure may occur anywhere in the first root seg-
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ment (R1), also because load distribution between lateral branch (L1) and second segment of 
root (R2), failure may occur first in the lateral (L1) and then in the second segment of root (R2), 
at which point the root system fails (Figure 5). Tensile strength values presented in this study 
gives a reasonable prediction of strengths needed at first instances of root failure (Wu & Watson 
1998, Morgan & Rickson 1995), which allows the comparison between species and quantifica-
tion of potential use against sediment related disasters. 
However, a distinction should be made in the results of Pinus pseudostrobus, whose root bark 
is ticker, brittle and of cracked texture compared to other species. This kind of root barks may 
hide some defects such as: flaws, cracks, decay parts and are generally hard to notice because 
its rough texture, which can indeed affect the results obtained. The samples of Pinus pseu-
dostrobus were tested with bark because the intention of this study is to get reliable values of 
root mechanical properties encountered on field, for this reason all the root samples were tested 
the closest possible to on-field natural conditions and no alterations were made to samples af-
ter collection. It is known that when sediment disasters occur, the root bark contributes to the 
resistance of roots by increasing root-soil friction through bark roughness, this can be observed 
on field pull out tests (Karrenberg et al. 2003). However, when load bearing capacity of the root 
tissue is tested, root bark could become a prejudicial factor on the acquisition of reliable data. 
Therefore, diameter is not a reliable indicator for species having root barks with considerable 
thickness (De Baets et al. 2008), this should be considered in further studies intended to use 
tensile strength values for the mitigation of sediment related disasters. The sample’s length 
doesn’t play any prejudicial factor on tensile strength as all samples tested were the same size, 
however, previous studies have indicated that the differences between thinner roots and thicker 
roots tensile strength decreases when longer roots are tested and might be influenced by defects 
on the root material, this behavior is similar to some fibers (Sirichaisit & Young 1999, Lim et 
al. 2010, Chen et al. 2012).
Generally, during a slope failure, the roots can slip, break or stretch. Slipping of roots is in-
fluenced by soil characteristics, but when breaking roots are present the tensile strength is the 
most important parameter to consider, however, when stretching of roots occur, the modulus of 
elasticity is an important characteristic to analyze.  
 The mechanical properties of the root systems of the native forest species analyzed were 
clarified for its application in soil bioengineering practices, however, further analyses of root 
system morphological characteristics such as depth, volume and root system distribution should 
be done. It is important to recognize that in case of landslides the effectiveness of the mechani-
cal stabilization by roots depends mainly on the specific slope conditions and to relate those 
characteristics to the individual properties of each forest species considered. 
Conclusions
The urbanized slopes of Sierra Madre Oriental are affected by sediment related disasters every 
year especially during hurricane season, which discloses the urgent need of soil bioengineering 
practices to mitigate and prevent sediment related disasters in populated areas.
Successful application of soil bioengineering practices for soil stabilization in sediment related 
disaster prone areas requires knowledge on the factors governing the mass and surficial stability 
of affected slopes. If plants are to serve as soil reinforcements (main structural and mechani-
cal elements) the assessment of roots mechanical properties growing in the area of interest is 
required to make an optimal choice of species, looking towards the establishment of a slope 
protection system.
In this regard, the root mechanical properties of three different native species growing in dis-
turbed soil were tested. The relationship between diameter of roots and tensile strength (Ts) and 
diameter and modulus of elasticity (Eroot) was found negative, indicating that roots with smaller 
diameters have bigger tensile strengths and elasticity. It was also confirmed that the power law 
95 (2): 259-269, 2017
268
LAURA SANCHEZ-CASTILLO ET AL.
equation is able to model the relation between the mechanical properties and diameter of the 
roots of the different species analyzed.  
The order of species according its mechanical properties was established as: Acacia berlandieri 
> Quercus rysopylla > Pinus pseudostrobus. The (Eroot) average value of Acacia berlandieri was 
bigger compared to Quercus rysophylla, however as discussed, Pinus pseudostrobus root bark 
might be and influential factor on the results obtained. The results of this study demonstrated 
that the mechanical properties of shrub species (Acacia berlandieri) can be equal and even sur-
pass the mechanical properties of tree species (Quercus rysophylla and Pinus pseudostrobus). 
Thereby, implementation of soil bioengineering practices using Acacia berlandieri for the lower 
elevation zones and Quercus rysophylla for the high elevation parts would be the best options of 
species selection for the improvement of efficiency of rehabilitation actions in urbanized slopes 
of Sierra Madre Oriental. 
The data obtained begin the contribution of the mechanical characteristics of root systems of na-
tive species of the forest of Sierra Madre Oriental as the present lack of knowledge on this area 
has been a limiting factor for the implementation of soil bioengineering practices. 
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